Abstract-Terahertz (THz) communication is envisioned as a key technology for next-generation ultra-high-speed wireless systems. In this paper, we study an indoor multi-user THz communication system with multiple antenna subarrays. To capture the distance-frequency-dependent characteristics of THz channels, we design a hybrid beamforming scheme with distance-aware multi-carrier transmission, including analog beamforming for user grouping and interference cancellation in radio-frequency (RF) domain and digital beamforming with dynamically selected subarrays at baseband. Specifically, an adaptive power allocation and low-complexity antenna subarray selection policy is developed to serve different users at different distances and reduce the cost of active RF circuits simultaneously, where two greedy subarray selection algorithms are proposed. The effectiveness of the proposed adaptive hybrid beamforming and antenna subarray selection algorithms is verified through simulation results, which achieves significant gains over other nonadaptive and non-distance-aware schemes.
I. INTRODUCTION
T HE explosive growth in data traffic has brought wireless communications into a new era, accompanied with increasing demands for higher speed and better quality-of-service (QoS). It is predicted that data rates will reach Terabit-persecond (Tbps) within the next five years [1] . Applications, such as ultra-high-speed kiosk downloading and real-time wireless high-definition videos, are coming into being. However, current systems are not able to support these ultra-fast services. New techniques, such as millimeter wave (mmWave) and small cells, could only provide up to several Gigabit-per-second (Gbps) rates with increased but still limited bandwidth and spectrum efficiency. To alleviate the spectrum bottleneck and realize at least 100 Gbps communications, advanced physical layer solutions and, more pivotally, new spectral bands should be explored. Among others, communication over the Terahertz (THz) band is envisioned as a decisive one [2] - [6] .
The THz band, spanning from 0.1 THz to 10 THz, is expected to support Tbps links, where the available bandwidth is more than one order of magnitude over mmWave with frequencies at least one order of magnitude below that of the infrared (IR). These large, safe, and unoccupied frequency resources could address spectrum scarcity and capacity limitation of current wireless systems. In the meantime, the very short wavelength of THz signals enables a large number of miniaturized devices and antennas to be placed in a very small area.
With the rapid development of THz circuitry and novelmaterial antennas, THz communications are turning into reality [6] . However, as the frequency increases, the front-end devices, e.g., photonic Silicon-Germanium (Si-Ge) transceivers and Gallium-Nitride-based power amplifiers, become much more complex and energy-consuming [2] - [7] , which poses extra constraints on communication systems. As a result, conventional design turns out to be unsuitable for the THz band. Also, classical techniques, such as orthogonal frequency division multiplexing (OFDM), may be no longer necessary for THz communications in consideration of the high circuit and computational complexity in processing high-speed data. On the other hand, compared with microwave and mmWave, the THz signals experience more severe atmospheric attenuation in transmission. Thus, large antennas and proper beamforming methods should be adopted to combat the high path loss and establish reliable links. In general, the characteristics of the THz devices and channels require to design a new system structure and transmission schemes, which can fully exploit the capabilities of multiple antennas while keeping relatively low hardware complexity and power consumption.
Extensive study has been made in system and beamforming design for mmWave communications [8] - [13] . In [8] , a multiple-input-multiple-output (MIMO) antenna array system for mmWave line-of-sight (LOS) communications has been analyzed. Different high-complexity iterative hybrid beamforming methods for phased antenna arrays [10] and MIMO systems with large mixers, splitters and shifters [11] have been proposed. A MIMO system with antenna subarrays has been investigated in [12] , where a complicated and highly-ordered iterative multi-mode precoding scheme has been developed. An angle-of-arrival estimation algorithm for array-of-subarray systems has been designed in [13] . Nevertheless, all these works do not capture the peculiarities of THz channels, and the highcost system structures and iterative beamforming methods are not feasible for the THz band. On the contrary, current research for THz communications is indeed limited in comparison with its great potential. The indoor THz channel model has been explored in [18] - [21] for some specific frequencies and indoor environments. A general model for point-to-point LOS THz channel has been built in [22] . And, the multi-path THz channel model has been studied in [23] . Distance-aware multi-carrier modulation for the THz band has been proposed in [24] . The indoor THz communications with antenna subarrays for single user has been investigated in [25] .
Motivated by the potentials and challenges of THz communications, we study an indoor multi-user THz system in this paper. Our objective is to find proper transmission policies to fully exploit the characteristics of THz channels, support diverse needs of users, as well as minimize the energy consumption of active RF circuits. The main contributions and results of this paper are summarized as follows:
• We design a low-complexity multi-user indoor THz system, where antenna subarrays with limited radio frequency (RF) chains are used to compensate for the high attenuation of THz signals. By exploiting the distancefrequency dependent transmission windows in the THz band, we develop a distance-aware multi-carrier transmission policy for multi-user communications.
• We propose a hybrid beamforming scheme based on the THz channel characteristics with limited paths and angular spread. Specifically, a two-step beamsteering searching and user grouping method is developed in the analog domain, where users in different groups could share the same THz frequency resources without interference while users in the same group are assigned orthogonal frequencies based on the distance-aware multi-carrier scheme. In the digital domain, antenna subarrays are selected for each user group, and data streams of a user group are only routed to specific subarrays other than the entire antennas, which could greatly reduce the cost of RF circuits.
• We develop an adaptive power allocation and antenna subarray selection policy to dynamically generate different numbers of beams to meet different needs of users at different distances. This adaptive beamforming problem is formulated as a QoS-aware active antenna subarray number minimization problem, which is solved as a mixed integer optimization problem. Specifically, a utility-based and a group-based greedy algorithms are proposed for the antenna subarray selection, which could be implemented in low complexity with guaranteed performance.
• Simulation results show the effectiveness of the proposed multi-user THz system. Specifically, the adaptive beamforming strategy outperforms non-adaptive and non-distance-aware schemes by providing antenna and beamforming gains. Furthermore, the proposed antenna subarray selection algorithms can obtain near-optimal performance with significantly reduced complexity.
The rest of this paper is organized as follows. In Section II, we introduce an indoor multi-user THz communication system, and then present the THz channel model in Section III. In Section IV, we propose a hybrid beamforming method with distance-aware multi-user multi-carrier transmission. An adaptive power allocation and antenna subarray selection policy is developed in Section V. Simulation results are provided in Section VI to verify the effectiveness of the proposed scheme and algorithms. Finally, we conclude the paper in Section VII.
II. SYSTEM MODEL
The indoor THz system is shown in Fig. 1 , where an access point (AP) is deployed to serve J users with different distances. The AP is equipped with multiple antenna subarrays, each of which is driven by one exclusive baseband-to-RF chain. Specifically, each subarray is composed of M t × N t tightlypacked antenna elements, and each element is connected to a wideband THz analog phase shifter. These phase shifters can be implemented by digitally controlled graphene integrated gates [7] . At baseband, the digital beamforming module is used to control and route J individual data streams through different RF chains. This hybrid beamforming structure [9] , [10] could significantly mitigate the system complexity by reducing the number of RF circuits as opposed to using individual basebandto-RF chain for every single antenna. At the user side, due to the limitation of processing capability, only one subarray with one baseband-to-RF chain is equipped, which consists of M r × N r tightly-packed elements.
As in [25] , [26] , to guarantee the effectiveness of the THz system and offer sufficient gains to all the users, we assume the antenna subarray number, K, is greater than the number of users, i.e., K > J. The subarray antenna element spacing, denoted as a, is assumed to be smaller than the wavelength, and thus there exists a high level of antenna correlation. Also, the space between adjacent subarrays is assumed to be much larger than the wavelength, where independent scatterers are present for each subarray. In consequence, the channels among different subarrays can be viewed as independent. 1 Furthermore, we assume that the distance between the AP and any user is much larger than those among different subarrays. Thus, the distance between user j and the AP, d j , can also be regarded as the one between the user and any subarray. In addition, we assume the channel state information (CSI) of each subarray, rather than each antenna element, is available at baseband. Accordingly, the basic component in the THz system becomes a subarray instead of an antenna, which contributes to the compensation for the high attenuation of THz signals. Consequently, all channel estimation and signal processing are subarray-based. Compared with the systems in [11] , this arrayof-subarray structure is less complex and more suitable for THz devices and circuitry with fewer shifters. Meanwhile, by routing information streams to selected subarrays, the system not only has flexibility to generate different numbers of directional beams for different users but also offers cost efficiency with simplified RF processing and reduced circuit consumption. As a result, the antenna beamsteering gain, spatial diversity gain, and selection diversity gain can be obtained for the THz system with relatively low complexity in hardware.
The goal of this paper is to find an appropriate transmission strategy for the multi-user THz system to capture the distanceand frequency-dependent characteristics of the THz channel, and to fully exploit the aforementioned three types of gains, i.e., antenna beamsteering gain, spatial diversity gain, and selection diversity gain, for QoS guarantees.
III. INDOOR TERAHERTZ CHANNEL MODEL
The indoor THz channel has been investigated in [18] - [23] with different methods for different environments. In this section, we will briefly introduce some important characteristics that will be useful in subsequent design and analysis.
A. THz Channel Model
For the THz channel, the arrival paths are generally contributed by a direct ray, resulting from LOS propagation, and several indirect rays, resulting from non-LOS (NLOS) propagation by reflection and scattering. Thus, the channel response for one antenna subarray in Fig. 1 is given by 2 [14] (1) 2 (·) * denotes the conjugate, and (·) † denotes the conjugate transpose.
where n NL is the number of NLOS rays. α(f , d) = |α(f , d)|e jψ denotes the complex gain of the ray component, where ψ is the associated independent phase shift. φ t /θ t and φ r /θ r refer to the azimuth/elevation angles of departure and arrival (AoD/AoA) for the rays, respectively. G t and G r represent the transmit and receive antenna gains while vectors a t (φ t , θ t ) and a r (φ r , θ r ) are the associated array steering vectors at the transmit and receive sides, respectively.
1) Path Gain:
For the THz band, the molecular absorption loss is non-negligible. Hence, the direct path gain depends on the spreading loss, 3 L spread , and the molecular absorption loss, L abs , as [22] 
where
In (3), c stands for the speed of light in free space, and k abs is the frequency-dependent medium absorption coefficient, which is determined by the composition of the transmission medium at a molecular level. Different from the mmWave band, the major molecular absorption comes from water vapor molecules in the THz band [22] . Thus, the absorption loss increases with the humidity.
On the other hand, the wavelength of THz signals, at the order of sub-millimeter, becomes comparable to any surface size. As a result, the indoor surfaces, which can be regarded as smooth at lower frequencies, are rough now at THz frequencies. Hence, in order to measure the losses of the NLOS rays, the reflection coefficient [21] , , should be taken into account, which is the product of the Fresnel reflection coefficient, γ , and Rayleigh roughness factor, , i.e.,
and
in which σ is the standard deviation of the surface characterizing the material roughness, Z is the frequency-dependent wave impedance of the reflecting material, and Z 0 = 377 is the free space wave impedance. ϕ in denotes the angle of incidence and reflection, and
sin ϕ in denotes the angle of refraction. Therefore, the NLOS path gain of the i-th ray with one reflection satisfies
Due to the high reflection losses, only up to second order reflections are relevant and should be considered in the THz band [18] , where the associated path gain can be defined similarly as in (8) with two reflection coefficients. Therefore, similar to mmWave, the THz channel has limited paths. However, THz signals experience much more severe path loss than mmWave, and the gap between the powers of LOS and NLOS path is significant. Specifically, compared with the LOS path, the power of the first-order reflected path is attenuated by more than 10 dB on average and the second-order reflection by more than 20 dB [18] . Overall, the multi-path components can bring about 5 dB power gains [23] .
2) Angles Of Departure And Arrival: As measured in [19] , the azimuth/elevation angles of departure and arrival for THz channels, φ t i /θ t i and φ r i /θ r i , follow second order Gaussian mixture models (GMM), where the azimuth angular range and the elevation angular range are limited to (−π, π] and [− π 2 , π 2 ], respectively. Compared with the conventional or mmWave channel models, where AoD/AoA follow Laplacian distributions, the GMM distribution renders a more accurate approximation and higher angular resolution for the THz beams, especially when the angle is close to the mean value. Moreover, the angular spread at THz frequencies is smaller than that of mmWave due to the decrease in wavelength and the increase in reflection and scattering loss. Specifically, up to 40 • angular spread has been observed for indoor environments in [18] , [20] .
3) Array Steering Vector: For an (M, N)-element uniform planar array (UPA) in the xy-plane, the array steering vector is [33] 
where m and n are the antenna element indexes with 0 ≤ m ≤ M − 1, 0 ≤ n ≤ N − 1, a is the antenna element spacing, and λ c is the wavelength. 
B. Transmission Windows
As mentioned before, the total path loss in the THz band includes the spreading loss and the molecular absorption loss. Fig. 2 shows an example of the LOS path loss between 0.1 THz and 1 THz for different distances [22] . The path loss peaks caused by the molecular absorption create transmission windows. Each window has a different bandwidth, which changes drastically along with the communication distance. Specifically, the increase in the communication distance leads to dwindling in the bandwidth of the transmission windows, which even shrinks to zero. For example, considering 150 dB as a path loss threshold in Fig. 2 , the first transmission window is the whole 0.1-1 THz for 1 m distance while it narrows down to 0.1-0.55 THz for 10 m distance. This distance-frequency dependent property motivates the design of the distance-aware communication scheme in the THz band.
IV. DISTANCE-AWARE MULTI-USER MULTI-CARRIER TERAHERTZ COMMUNICATIONS
Based on the characteristics of the THz channel described in the previous section, we will design a hybrid beamforming scheme with distance-aware multi-user multi-carrier THz communications in this section.
A. Distance-Aware Multi-Carrier Transmission
The distance-aware multi-carrier transmission in the THz band has been introduced in [24] . In light of the transmission windows in Fig. 2 , the available bandwidth for long-distance users is a part in the middle of the available bandwidth for short-distance users. Different from [24] , where the strictly isolated bands are assigned to users with different distances, the scheme in this paper is more flexible and adjustable to users. Specifically, to mitigate the impact brought by path loss, the central part can be used for both long-distance and shortdistance users while the side bandwidth can only be used for short-distance communications. For instance, with regard to the transmission window, 0.55-0.75 THz, in Fig. 2 , the whole band can be used for 1 m transmission while only 0.6-0.7 THz can be used for 10 m transmission. As a result, the distance-aware scheme will accommodate users with different distances and optimize the network performance.
On the other hand, the bandwidth scarcity is no longer an issue in the THz band. Consequently, OFDM is not necessary anymore due to its high complexity in processing ultra-fast data for THz devices. Instead, the multi-carrier transmission, allowing non-overlapping and equally spaced parallel sub-windows, appears to be a promising alternative [24] . Even though multicarrier is not as spectrum efficient as OFDM, it has much lower complexity in handling individual carrier for the THz band, which has been adopted and analyzed in many THz experiments and transmissions [27] , [28] .
In summary, for the distance-aware multi-carrier transmission in the THz system, users with different distances will use different parts of the THz spectrum, which is further divided into several non-overlapping sub-windows for multi-carrier transmission.
B. Two-Step Analog Beamforming
In this subsection, based on the distance-aware multi-carrier transmission, we will focus on the analog beamforming design for each subarray without considering the digital beamforming at baseband.
As mentioned in the system model, the THz phase shifters are implemented by digitally controlled graphene integrated gates [7] . Thus, only quantized angles are available, namely, the analog beamforming can take only certain values. These angles can be selected from finite-size beamsteering codebooks in 2π range as [11] , [15] , which have the same form as the array steering vector in (9) . Since THz channels have limited paths and angular spread, we could extend the two-phase beam codebook searching in [16] for the THz band with user grouping [17] .
1) Pre-Scanning and User Grouping:
In the first step, subarrays activate a subset of antennas to perform a fast, wide and rough beam pre-scanning together with an angular separation ϕ, which is related to the angular spread. 4 If different users fall into the same angle section, they are assigned into one user group, otherwise, they are in different user groups.
Since users in different groups are out of the angular spread range and have limited channel paths, they are spatially separated with totally different AoD/AoA for all the paths. As proved in [11] that, at large antenna regime, the beamsteering vectors with completely different angles are nearly orthogonal, i.e.,
Thus, regarding the THz channel in (1), a user group can adopt the steering vectors within the corresponding angle section in the codebook for beamforming and inter-group interference nulling. As a result, different user groups can share the same THz frequency resources under the distance-aware transmission strategy without interference. On the other hand, users in the same group may have common scatterers from a subarray, where some paths can have similar AoD/AoA. Consequently, beamsteering may lead to 4 According to the maximal angular spread, 40 • , in the THz channels [18] , [20] , ϕ can be designed as 45 • .
interference among users. Thus, taking into account the channel characteristics and the disjoint structure of subarrays, we adopt distance-aware frequency division for interference cancellation, where long-distance users will be assigned central part of the band first and short-distance users will use the sides. It should be noted that we do not consider joint frequency allocation here because the long-distance user has much more severe path loss so that it should be assigned first to guarantee QoS. For instance, considering the transmission window, 0.55-0.75 THz, for one user group, 0.6-0.7 THz can be assigned to the user with 10 m while 0.55-0.6 THz and 0.7-0.75 THz can be assigned to the 1 m user.
With the pre-scanning and user grouping, the THz frequency resources can be reused among different user groups, which could greatly improve the system efficiency. Also, the antenna subarrays are shared among users in the same group, which could in turn reduce the cost of the active RF circuits as well as the complexity of the THz system.
2) Precise Beamforming: After the pre-scanning with user grouping in the first step, subarrays carry out precise beamforming searching using the codebooks in the pre-scanned sectors for each user group. Specifically, we denote the antenna subarray set as K, the user set in group q as J q , and group index set as Q. The selected window for user j ∈ J q is denoted as W j , where each sub-window w ∈ W j has a smaller bandwidth B with central frequency f w j . For a beamforming direction, (φ t 0 , θ t 0 ) and (φ r 0 , θ r 0 ), by adopting the beamsteering vectors in the codebook, a t (φ t 0 , θ t 0 ) and a r (φ r 0 , θ r 0 ), as the analog beamforming, the signals from a subarray, which share the same baseband-to-RF circuit, are then combined together at baseband. Thus, we can describe the effective channel of one subarray from the baseband for user j ∈ J q , at certain carrier frequency f w j and distance d j , as
where the baseband array factors are defined as 
With the effective baseband channel, the channel between the AP and user j can be viewed as a multi-input-single-output (11) and is independent for different subarray k with different transmit analog beamforming directions. Then, the precise beamforming angles for user group q can be selected from the codebooks in the pre-scanned sectors, which should jointly maximize the sum of normalized effective channel gains for all the users over all sub-windows as 5
where q and q are the sets of selected transmit beamforming vectors for different subarrays and receive beamforming vectors for different users in group J q , respectively, and are the transmit and receive beamsteering codebooks in the pre-scanned sectors, respectively, and the normalized factor, L(f w j , d j ), is defined in (2) . It should be noted that the effective channel gains are normalized here based on distance to ensure the fairness among users. In particular, if there is only one user in a user group, the analog beamforming direction should be the LOS direction for the LOS case while it should be a direction accounting for all the first order reflections for the NLOS case. It is noteworthy that the precise beamforming searching processes are mainly accomplished in the analog domain without complicated operations at baseband, which could help reduce the circuit consumption. Specifically, we denote the effective channel with the analog beamforming obtained from (14) as
C. Hybrid Beamforming and Transmission Rate
With analog beamforming angles and user groups, we will investigate hybrid beamforming with selected subarrays for different user groups in this subsection. Here, we assume that the effective channel information of subarrays with analog beamforming in (14) ,
, is available at AP through feedback, where the explicit CSI of specific antenna elements,
, is not needed. Since the subarray number is much less than the antenna number, the information overhead will be notably reduced. We further denote the selected subarray set for user group q as K q . It is worth mentioning that, since each subarray in the THz system can only choose one unique analog beamforming direction, it should be exclusively assigned to one user group as a result of spatial separation.
As shown in Fig. 1 , hybrid beamforming [9] , [10] includes the digital beamforming at baseband and the analog beamforming at each antenna subarray, where the digital beamformer for the THz system is jointly determined by a routing part for antenna subarray selection and a controlling part for phase 5 As the subarrays are disjoint, the selection process can be performed by fixing the receive beamforming direction first and then searching the transmit beamforming angles for each subarray individually. Since the indoor environments are mostly static with limited users, the beamsteering angles do not need to updated frequently. Thus, the cost is tolerable for the THz system. and amplitude regulation. Since there is no interference among users by performing analog beamforming for inter-group interference cancellation and adopting orthogonal frequency resources within a user group, users can design the digital beamforming individually. According to the optimal beamformer for the MISO channel in [29] , we design the beamforming vector, v(f w j , d j ), for user j ∈ J q with selected antenna subarray K q as
Thus, the normalized optimal digital beamformer for user j in the THz system is
In particular, compared with the conventional block diagonalization based multi-user MIMO antenna selection [30] , where the baseband precoding of all the users' data streams is performed across the entire selected antenna subset, the antenna subarrays selected for a user group in this paper are disjoint from the antenna subset for other groups. Thus, the data streams of a user group are only be routed to selected subarrays other than the whole antennas, which could simplify the basebandto-RF processing and reduce the hardware cost.
Therefore, for a frequency-nonselective THz channel with bandwidth B, centered around the frequency f w j , and transmit power p w j , the transmission rate for user j ∈ J q , with selected subarray set K q and the hybrid beamforming in (14) and (16), is given by
where N 0 is the noise power at the receiver.
V. ANTENNA SUBARRAY SELECTION AND POWER ALLOCATION
By adopting hybrid beamforming with distance-aware multicarrier transmission, users in the THz system can enjoy antenna gains, as well as spatial and selection diversity gains. In this section, we will investigate the antenna subarray selection strategy with power adaptation for the beamforming.
A. Problem Formulation
For the THz system, with antenna subarray selection, users can dynamically use appropriate number of beams to accommodate different needs at different distances, which could reduce the hardware complexity as well as the circuit power consumption. Denote ρ q,k as the binary antenna subarray selection indicator for user group J q with subarray k, the rate in (17) for user j ∈ J q can be rewritten as
Since each subarray could only be assigned to one user group, it is important to determine how many and which subarrays should be selected for transmission to guarantee a certain QoS.
With the effective channel information of subarrays at baseband, we aim to find an adaptive antenna subarray selection and power allocation strategy for the distance-aware multi-user hybrid beamforming, so as to use as few active RF components as possible while ensuring different data transmission rates for different users. Then, the problem can be formulated as
where R j is the minimum rate requirement 6 for user j and P is the total transmit power constraint at AP. We denote p = {p w j |j ∈ J , w ∈ W j } as the set of users' powers and ρ = {ρ q,k |q ∈ Q, k ∈ K} as the set of antenna subarray selection indicators.
As we know, problem (19) is a mixed integer programming problem, where constraints (19a), (19b), are convex and other constraints are affine. Finding the optimal solution needs exhaustive search with exponential complexity, which is prohibitive due to the large number of users and antenna subarrays. Therefore, we need to develop an approach, which not only offers a good solution (not necessarily the optimal) but also keeps low complexity for the THz system.
B. Optimal Power Allocation
We first analyze the optimal power allocation for given subarray assignment ρ. Thus, problem (19) can be rewritten as 6 The rate requirements should be well selected to ensure there exists a solution for the optimization problem.
It is easy to show that problem (20) is a convex optimization problem. We define the Lagrangian of (20) as (21) where λ is the Lagrangian multiplier related to the total power constraint (19b), and μ = {μ j |j ∈ J } are the Lagrangian multipliers associated with the QoS constraint (19c). Then, the dual problem of (20) can be stated as
Note that the subgradient-based methods, e.g., ellipsoid method [34] , can be employed to update {λ, μ} towards the optimal {λ * , μ * } with the subgradients as
Then, by applying the Karush-Kuhn-Tucker (KKT) conditions [34] , the optimal power allocation is given by
where (x) + max{x, 0}. (25) shows that the optimal power allocation is achieved by multi-level water-filling. Specifically, the water level of each user depends explicitly on its QoS requirement and the subarray assignment, which can differ from one another.
C. Adaptive Antenna Subarray Selection
Given the optimal power allocation (25), the antenna subarray selection problem can be stated as
Problem (26) is NP-hard and is difficult to find an elegant optimal solution. To ensure low complexity for the THz system, next we will seek for effective sub-optimal antenna subarray selection policies to solve this problem. The greedy algorithm has been proven to be efficient with relatively low complexity for antenna selection [30] , [31] . Thus, a utility-based greedy algorithm is proposed as Algorithm 1 in Table I . The main idea of the algorithm is to select one antenna subarray to one user group in each step, leading to the highest increase in the user group's total transmission rate. The user is removed from the group in the algorithm once its QoS requirement is met, until all users are selected, i.e., the QoS requirements of all the users are satisfied. Note that the complexity of the algorithm is O(|Q| 2 |K|).
It should be noted that Algorithm 1 does not take the fairness among user groups into consideration, namely, subarrays with good channel resources may be assigned to the same user group. To overcome this disadvantage, we develop a groupbased greedy algorithm as Algorithm 2 in Table II , where in each step each user group is assigned an antenna subarray such that the group rate profit is as large as possible. Clearly, this selection process in each step is a standard linear assignment problem and can be efficiently solved by the Hungarian method [35] . The complexity of this algorithm is O(|K| 3 ), which is a little higher than the utility-based algorithm. Fig. 3 . The adaptive beamforming with antenna subarray selection and power allocation for distance-aware multi-carrier multi-user indoor THz system.
Based on the above subarray selection algorithms, the overall adaptive power allocation and antenna subarray selection algorithm is stated as Algorithm 3 in Table III .
Finally, the adaptive beamforming strategy with antenna subarray selection and power allocation for distance-aware multicarrier multi-user indoor THz system is summarized in Fig. 3 . It should be noted that the optimal strategy for the THz system should be obtained by joint optimization with carrier assignment, power allocation, and beamforming design across all the users, which is hard to achieve due to the high complexity. Therefore, a low-complexity suboptimal transmission strategy is proposed in this paper based on the THz channel characteristics.
VI. SIMULATION RESULTS
In this section, simulation results are provided to evaluate the performance of adaptive beamforming with antenna subarray selection and power allocation for distance-aware indoor multiuser THz communications. Consider the indoor environment as [18] , [23] with four users, who experience different propagation environments with different communication distances and QoS requirements. For illustration purpose, the transmission window is selected from 0.55 THz to 1 THz as shown in Fig. 2 , and the sub-window bandwidth is set as B = 5 GHz. The detail simulation parameters are listed in Table IV . Note that, the pre-scanning and user grouping is performed and given in Table IV , which we skip in the following simulation to simplify the simulation process. According to the pre-scanning in Table IV , user 1 and user 4 are in the same group. Thus, considering the distance-aware multi-carrier THz transmission, user 4, with longer distance, uses the central part of the transmission window as shown in Table IV , user 1 is then assigned the sides. For simplicity, we assume there exists three first-order reflected clusters and four second-order-reflection components in our simulation as [8] , whereas other more practical channel models, e.g., SalehValenzuela (S-V) channel model [25] , [32] , could be further studied. Specifically, for the THz system, the antenna elements in each subarray are set as M t × N t = M r × N r = 8 × 8, the antenna gains are set as G t = G r = 20 dBi, and the noise power, N 0 , is set as −75 dBm.
As a benchmark, the antenna subarray selection with exhaustive search is studied. 7 Adaptive beamforming with equal power allocation and random antenna subarray assignment are also investigated, respectively. Moreover, the non-distanceaware transmission with subarray selection and power allocation is considered as well, where the sub-windows, with the same number in Table IV , are randomly assigned to different users. Note that all the results are averaged over 5,000 channel realizations.
In Fig. 4 , we plot the average number of selected subarrays for the adaptive distance-aware multi-carrier transmission versus the available antenna subarray number. Here, the total transmit power constraints are set as P = 8 dBm, and the QoS requirements are R 1 = R 2 = R 3 = R 4 = 0.15 Tbps. As shown in Fig. 4 , the adaptive beamforming policy can efficiently support Tbps transmission. Especially, the average number of selected subarrays decreases with the available subarray number first, and then converges. The reason is that, as the available subarray number increases, the selection degree of freedom increases at first and then saturates gradually. Additionally, the proposed antenna subarray selection algorithms could obtain almost the same performance as the optimal exhaustive search method with significantly reduced complexity. Particularly, the group-based algorithm outperforms the utility-based algorithm at the cost of slightly increased complexity. We can see from Fig. 4 that, the adaptive beamforming could achieve about 10% gain compared with the equal power allocation scheme, while this gain decreases with the available subarray number. Moreover, the adaptive beamforming could bring about 15%-20% improvement compared with the random antenna subarray assignment and the non-distance-aware scheme, respectively. Specifically, the non-distance-aware scheme achieves the worst performance, which indicates that the distance-aware carrier arrangement is of great importance in THz communications. Fig. 5 demonstrates the performance of the adaptive policy for power allocation and antenna subarray selection as a function of the total transmit power constraints. Here, the available antenna subarray number is 15, and the QoS requirements are set as R 1 = R 2 = R 3 = R 4 = 0.15 Tbps. We can observe from Fig. 5 that, the required antenna subarray number generally decreases with the transmit power as we can imagine. The proposed adaptive algorithm can achieve near-optimal performance. Moreover, the adaptive beamforming can obtain about 10%-15% performance gains with low complexity compared with the equal power allocation and random assignment scheme. Particularly, these gains increase with the transmit power. Similar to Fig. 4 , the non-distance-aware scheme uses the largest number of subarrays for QoS guarantee.
In Fig. 6 , we compare the performance of the adaptive beamforming under different users' QoS demands, where R = R 1 = R 2 = R 3 = R 4 . Here, the available antenna subarray number is 15, and the transmit power constraints are set as P = 8 dBm. We can observe from Fig. 6 that, the selected antenna subarray number increases with the QoS requirement. Furthermore, as the minimum rate constraint increases, the advantage of our proposed adaptive beamforming becomes larger. Specifically, the non-distance-aware scheme turns out to be more inferior for higher QoS demands.
VII. CONCLUSION
This paper has investigated a multi-user indoor THz communication system with multiple antenna subarrays. By exploiting the peculiarities of THz channels, we have designed a hybrid beamforming scheme with distance-aware multi-user multi-carrier transmission for the system. Specifically, a twostep beamsteering searching and user grouping method has been proposed in the analog domain. Furthermore, an adaptive power allocation and antenna subarray selection policy for the hybrid beamforming has been developed to reduce the cost of active RF circuits while ensuring users' QoS needs. Particularly, a utility-based and a group-based greedy antenna subarray selection algorithms with low complexity have been proposed. Simulation results show that the proposed adaptive beamforming can efficiently support THz transmission and provide QoS guarantees. In addition, the antenna subarray selection algorithms can obtain near-optimal performance with gains over other non-adaptive and non-distance-aware schemes.
This work has focused on the analysis of the multi-user THz system with perfect subarray CSI at the AP. The study of partial channel information or limited feedback may be considered for future work.
